Abstract: Dibenzothiazepine analogues containing lactam, amidine and imine moieties were prepared from 2-aminophenyl disulfides via one-pot S-arylation. The S-arylation involved cleavage of an S-S bond of disulfides and S N Ar reaction in aqueous ammonia solution of L-cysteine to afford diaryl sulfides. Dibenzothiazepine analogues having lactam and amidine moieties were obtained by cyclization of the corresponding diaryl sulfides under acidic conditions. One-pot S-arylation of 2-bromo-5-nitrobenzaldehyde gave dibenzothiazepine analogues with an imine moiety in one step through intramolecular cyclization. Compounds with antibacterial activities against Staphylococcus aureus and Escherichia coli were obtained.
Introduction
Heterocyclic compounds exhibit various biological activities including antibacterial [1] [2] [3] [4] [5] , antitumor [6] [7] [8] [9] , antiinflammatory [10] [11] [12] [13] [14] and antiviral properties [15] [16] [17] [18] [19] . Important bioactive compounds are sulfur-containing heterocycles. Penicillin and cephalosporin C [20] used as antibacterial agents, and ritonavir [21, 22] used as an anti-HIV therapeutic agent are well-known sulfur-containing cyclic compounds. In addition, benzothiazepines exhibit antimicrobial [23] [24] [25] , antiviral [26] , cytostatic [27] , anticonvulsant [28, 29] and antipsychotic activities [30] . Previously, we have reported synthesis of sulfides from aryl disulfides [31, 32] by cleavage of an S-S bond of aryl disulfides using ammonium thioglycolate, followed by S-arylation and alkylation in one-pot treatment. In this study, the S-S bond cleavage of 2-aminophenyl disulfides was carried out using L-cysteine instead of thioglycolic acid. Diaryl sulfides were synthesized by a one-pot S N Ar reaction using nitroarenes. Various dibenzothiazepine analogues were synthesized by cyclization of the corresponding diaryl sulfides. Furthermore, antibacterial activities of the synthesized compounds against Staphylococcus aureus and Escherichia coli were investigated.
Results and discussion
Diltiazem and its derivatives, benzothiazepines having a lactam moiety, are used as antiarrhythmic drugs [33] . Benzothiazepines with an amidine moiety exhibit anti psychotic activity [34] . Based on these facts, we considered synthesizing various dibenzothiazepine analogues (Scheme 1). Dibenzothiazepines with lactam could be obtained by intramolecular cyclization of the corresponding diaryl sulfides substituted with a methyl ester. Similarly, those with imine could be obtained from the corresponding diaryl sulfides substituted with a formyl group. Furthermore, those with amidine could be obtained by the Pinner reaction at amino and cyano groups. Diaryl sulfides are readily available by one-pot S-arylation of disulfides with disubstituted nitroarenes [31, 32] .
The effect of a leaving group on the S N Ar reaction in 2-aminophenyl disulfide and various nitroarenes was investigated. The nitro group, which is a strong electron withdrawing group for anion stabilization, is required to decrease the electron density at the benzene ring [35] [36] [37] [38] [39] . Various leaving groups of nitroarene were investigated. The S-S bond of bis(2-aminophenyl) disulfide was cleaved in aqueous ammonia solution of L-cysteine. Subsequently, one-pot S-arylation was performed between thiolate anion and various nitroarenes (Scheme 2). In the case of using an arylating agent with a bromo group at ortho-or paraposition of the nitro group, S-arylation progressed with 48% and 69% yields, respectively. By contrast, S-arylation was not observed using 1-bromo-3-nitrobenzene. When the thiolate nucleophile attacks the ipso position containing a bromo substituent, σ-complex is formed as an intermediate. The bromo group at the ortho-or para-position stabilizes the σ-complex by a resonance effect, and no resonance effect is possible at the meta-position. The same feature may be operative in the case of dinitrobenzenes.
The use of 1,2-dinitrobenzene and 1,4-dinitrobenzene gave the corresponding diaryl sulfides with 99% yields, and no S-arylation was observed using 1,3-dinitrobenzene. Among halogeno groups at the para-position, the presence of the fluoro group gave rise to the highest 99% yield, and the use of iodophenyl gave rise to a low yield of 36%. This analysis largely agrees with the order of degree of electronegativity. As the electronegativity increases, the positive charge at the ipso-position increases, which enhances electrophilicity. On the other hand, the yields are higher when using an arylating agent with a sterically smaller leaving group. Apparently, the addition of thiolate anion at the ipso-position is a rate-controlling step.
Methyl [2-(2-aminophenyl)sulfanyl]-5-nitrobenzoates 2 are precursors to dibenzothiazepine analogues having a lactam moiety. These compounds were prepared by one-pot S-arylation of 2-aminophenyl disulfides with methyl 2-bromo-5-nitrobenzoate (Scheme 3). All diaryl sulfides 2 were obtained in a quantitative yield. With 1-bromo-4-nitrobenzene used as an arylating agent, the conversion was not 100% after 10 min and the yield of 2-aminophenyl 4-nitrophenyl sulfide (1c) was 69%. By contrast, when using methyl 2-bromo-5-nitrobenzoate, all diaryl sulfides 2 were quantitatively obtained after 10 min regardless of the substituents. In nitroarenes with a methyl ester group at the ortho-position to the leaving group, the ester group acts as an electron withdrawing O in toluene instead of o-xylene, the yield of 3a dropped to 15%. It can be suggested that the reaction requires 0.4 equivalent of acid and should be conducted at least at 140°C. Other lactam dibenzothiazepine analogues 3b-i were synthesized under similar conditions. Excepting 3d and 3f, the remaining dibenzothiazepines 3 were obtained with a yield of more than 80%.
The amidine dibenzothiazepine analogues 5 were synthesized as shown in Scheme 4 starting with diaryl sulfides 4 substituted with a nitrile group. 2-Bromo-5-nitrobenzonitrile as an arylating agent was added after the cleavage of the S-S bond of 2-aminophenyl disulfides, and the mixture was stirred for 10 min (Scheme 4). 2-Aminophenyl-2-cyano-4-nitrophenyl sulfide (4a) was obtained in a 62% yield. When the amount of the arylating agent was increased to 3.0 equivalents and the reaction was conducted for 10 min under otherwise similar conditions, the yield of 4a increased to 84%. After the reaction time was extended to 30 min, the yield of 4a was further increased to 95%. S-arylation of the remaining 2-aminophenyl disulfides was carried out under similar conditions to furnish diaryl sulfides 4b-i with yields of about 80%.
Intramolecular cyclization of diaryl sulfides 4 between the amino and nitrile groups was carried out by the Pinner reaction (Scheme 4). In a model reaction, 2-aminophenyl 2-cyano-4-nitrophenyl sulfide (4a) was added to hydrogen chloride in ethanol and the mixture was heated under reflux for 24 h. Various concentrations of hydrogen chloride were investigated. In the presence of 5, 10, 20 and 30 wt% of hydrogen chloride in ethanol, 2-nitrodibenzo[b,f] [1, 4] thiazepin-11-amine (5a) was obtained in the respective yields of 28, 26, 38 and 61%. As can be seen, the yields increased with increasing concentration of HCl. Accordingly, synthesis of other products 5b-i from 2-aminophenyl-2-cyano-4-nitrophenyl sulfides 4 was conducted using 30 wt% hydrogen chloride ethanolic solution. Dibenzothiazepines 5b-i were obtained regardless of the nature of substituents R 1 , R 2 and R
3
. When diaryl sulfides 4f with R 1 = F and 4h with R 1 = Cl were used, the yields of 5f and 5h were improved by at least 10% as compared with the yield of 5a. On the other hand, the yields of dibenzothiazepines 5b-e having methyl or methoxy groups decreased by about 20-30% as compared with that for 5a. An electron donating group such as methyl or methoxy increases basicity of the amino group, which makes it easier to form hydrochloride. This feature reduces the reactivity of the amino group and decreases the yields of 5.
Preparation of [2-(2-aminophenyl)sulfanyl]-5-nitrobenzaldehydes 6 and dibenzothiazepine analogues with imine moiety 7 involved the use of 2-bromo-5-nitrobenzaldehyde as an arylating agent (Scheme 5). After stirring at 50°C for 10 min, no diaryl sulfide 6a could be isolated and the cyclized form, 2-nitrodibenzo[b,f] [1, 4] thiazepine (7a), was obtained in a yield of 48%. The reaction temperature was studied to improve the yield. The yield was increased to 67% for the reaction conducted at 70°C for 10 min. However, extending the time to 30 min did not increase the yield.
When the reaction was carried out at 90°C for 10 min, the yield was 62% and many by-products were observed by thin layer chromatography (TLC) analysis. The reaction time of 10 min at 70°C was taken as the optimum conditions. Synthesis of other dibenzothiazepine analogues with imine moiety 7b-i is also shown in Scheme 5. In all cases, the S-arylation, regardless of the substituent on the benzene ring of thiolate anion, was spontaneously followed by intramolecular cyclization, and dibenzothiazepines 7 were obtained in about 50-60% yields. The antibacterial activities of the products against S. aureus (Gram positive) and E. coli (Gram negative) bacteria were investigated (Table 1) . A total of 45 diaryl sulfides 2 and 4 and dibenzothiazepines 3, 5 and 7 were tested. All diaryl sulfides 2 and dibenzothiazepines 3 and 7 show no activity against both S. aureus and E. coli regardless of the substituents R 1 -R 3 . All diaryl sulfides 4 show no antibacterial activity against E. coli. However, compound 4a reduced S. aureus to about 0.2% compared with the negative control. Moreover, 4g and 4h show even stronger activities reducing S. aureus to about 0.03 and 0.1%, respectively. Because not all diaryl sulfides 4 exhibit antibacterial activities, the apparent correlation between the presence of a cyano group and antibacterial activity cannot be confirmed. As 2g and 2h are not active, the fluorine atom (R 2 ) and the chlorine atom (R 1 ) are not necessarily involved in the activity.
Dibenzothiazepines with amidine moiety 5b and 5e show activities against both S. aureus and E. coli decreasing the bacteria to about 0.4 and 3-4%, respectively, compared to the negative control. Dibenzothiazepine 5d shows antibacterial activity only against E. coli. Furthermore, three dibenzothiazepines with lactam moiety, 3b, 3d and 3e, and three dibenzothiazepines with amidine moiety, 7b, 7d and 7e, are not active.
Conclusions
The S-S bonds of various aryl disulfides are efficiently cleaved in the presence of L-cysteine. When methyl 2-bromo-5-nitrobenzoate is used as an arylating agent, diaryl sulfides 2 are quantitatively obtained in a one-pot reaction. Similarly, the use of 2-bromo-5-nitrobenzonitrile furnishes diaryl sulfides 4 in high yield. Dibenzothiazepines having lactam and amidine moieties, 3 and 5, were synthesized from the corresponding diaryl sulfides, 2 and 4, under acidic conditions. On the other hand, dibenzothiazepines with imine moiety 7 were obtained from the aryl disulfides in a one-pot procedure that involves spontaneous intramolecular cyclization of the intermediate products 6. All diaryl sulfides 2 and dibenzothiazepines 3 and 7 show no antibacterial activity against both S. aureus and E. coli. However, diaryl sulfides 4a, 4g and 4h are highly active against S. aureus. Two dibenzothiazepines with amidine moiety, 5b and 5e, show antibacterial activities against both S. aureus and E. coli. 6 ) on a JNM-ECA-600 spectrometer (JEOL, Tokyo, Japan). Structural determination of all compounds was performed using correlation spectroscopy (COSY), heteronuclear multiple quantum coherence (HMQC) and heteronuclear multiple bond correlation (HMBC) NMR techniques. Infrared spectra were obtained in KBr pellets on an Fourier-transform infrared spectroscopy (FTIR) 460plus spectrometer (JASCO Corp., Tokyo, Japan). Electrospray ionization (ESI) high resolution mass spectra were recorded on an AccuTOF GCv 4G instrument (JEOL). Melting points were recorded on a MP-500D micro-melting-point apparatus from Yanaco Technical Science Co., Ltd. (Kyoto, Japan) and are uncorrected.
General procedure for the preparation of 2-aminophenyl 2-nitrophenyl sulfides 1a-c
A solution of bis(2-aminophenyl) disulfide (0.10 g, 0.40 mmol) in 2.5 mL dimethyl formamide (DMF) was treated at 50°C under nitrogen with L-cysteine (0.15 g, 1.21 mmol), and the pH of the mixture was adjusted to 9 using ammonia water. After stirring for 1 min, 1,2-dinitrobenzene or 1,4-dinitrobenzene (0.15 g, 0.89 mmol) was added, and the mixture was continuously stirred until bis(2-aminophenyl) disulfide was completely consumed, as monitored by TLC. Then, the mixture was diluted with water and extracted with Et 2 O or AcOEt. The organic layer was washed with brine, dried with MgSO 4 , filtered and concentrated under reduced pressure. The crude product 1a,c was purified by column chromatography on silica gel eluting with hexane-ethyl acetate, 9:1. , 1H, H-3), 8.45 (d, J = 2.3 Hz, 1H, H-1), 8.91 (s, 1H, H-11 
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Synthesis of 2-nitrodibenzo[b,f][1,4]thiazepin-11(10H)-one derivatives (3)
A representative example is the synthesis of 2-nitrodibenzo
sulfanyl]-5-nitrobenzoate (2a, 0.10 g, 0.33 mmol), 15 mL of o-xylene and 0.13 mmol of p-TsOH · H 2 O were placed in a 50-mL flask. The mixture was heated under reflux at 125°C overnight, then cooled to room temperature, neutralized using aqueous saturated sodium bicarbonate solution and extracted three times with AcOEt. The organic layer was washed several times with brine and dried over with MgSO 4 . After filtration and concentration, the residue was purified by column chromatography on silica gel eluting with n-hexane/ethyl acetate (4/1, v/v) to give compound 3a (0.09 g, 95%). C-5a, C-9), 125.7 (C-1, C-3), 131.2 (C-11a), 132.5 (C-4) N-H), 3183 (N-H), 3045 (Ar, C-H A solution of 2-aminophenyl 2-cyano-4-nitrophenyl sulfide (4a, 0.10 g, 0.37 mmol) in 15 mL of 30 wt% HCl-EtOH was heated under reflux at 90°C for 24 h, then cooled to room temperature and concentrated on a rotary evaporator. The residue of 5⋅HCl was dissolved in water and the solution was neutralized using saturated aqueous sodium bicarbonate solution and extracted three times with ethyl acetate. The extract was washed several times with brine and dried over with MgSO 4 . After filtration and concentration, the crude product was purified by column chromatography on silica gel eluting with n-hexane/ethyl acetate (3:1, v/v) to give analytically pure compound 5a (0.06 g). 
2-Nitrodibenzo
Antibacterial activity test
The antibacterial assay was performed according to the protocol of the Clinical and Laboratory Standards Institute (Wayne, PA, USA). In the protocol, E. coli ATCC25922 and S. aureus ATCC29213 are defined as the quality control strains and were used for our antibacterial assay. In the assay, 10 μL of a bacterial cell suspension containing 1 × 10 5 colony forming units (CFU) bacteria was inoculated into 1 mL of Mueller-Hinton broth (Becton Dickinson and Company, Sparks, MD, USA) supplemented with 0.5 mg/mL of the test compound. The culture was incubated for 20 h at 35°C under an aerobic condition, and the viable cells in the culture were counted with the modified Miles and Misra method [40] . Briefly, 10 μL aliquots of serial-diluted bacterial suspensions were inoculated into a trypticase soy agar broth. After 20 h incubation at 35°C under an aerobic condition, the numbers of colonies recovered from the diluted suspensions on the agar broth were counted, and the number of viable bacterial cells in the source culture was determined.
